We present a complete systematically theoretical study of multifragmentation for asymmetric colliding nuclei for heavy-ion reactions in the energy range between 50 MeV/nucleon and 600 MeV/nucleon by using soft and hard equations of state. This study is performed within an isospindependent quantum molecular dynamics model. To see the effect of mass asymmetry, simulations are carried out in the absence of Coulomb interactions. Coulomb interactions enhances the production of fragments by about 20%. We envision an interesting outcome for large asymmetric colliding nuclei. Although nearly symmetric nuclei depict a well known trend for rising and falling with a peak around E= 100 MeV/nucleon, this trend, however, is completely missing for large asymmetric nuclei. Therefore, experiments are needed to verify this prediction.
I. INTRODUCTION
The ability to understand the properties of nuclear matter at the extreme conditions of temperature and density is one of the challenges in present-day nuclearphysics research. Such extreme conditions can be generated in a heavy-ion-induced reaction at intermediate energies [1, 2] . The outcome of a reaction depends on the incident energy, the impact parameter, as well as on the asymmetry of the colliding partners [1] [2] [3] [4] [5] . For symmetrically heavy colliding nuclei at central impact parameters, two primary fragments are formed: one that is the projectilelike fragment and the other that is the targetlike fragment. These excited fragments deexcite through various exit channels: evaporation of light particles and emission of intermediate-mass fragments (IMFs) [1] [2] [3] [4] [5] .
The excitation energy deposited in the system at low incident energies is too small to allow the break up of the nuclei into fragments. With an increase in the incident energy, colliding nuclei may break into dozens of fragments consisting of light, medium, and heavy fragments.
The size of the fragments and physics behind their formation differs in different physical conditions. No such fragments will survive at extremely high incident ener- * Electronic address: suneel.kumar@thapar.edu gies.
Among various theoretical models developed to study these reactions, one can group them into those, which are statistical in nature [6] , and others, which take the dynamics of the reaction into account and, hence, are capable of investigating the evolution of the fragmentation and nucleon-nucleon correlations [1-5, 7, 8] .
Interestingly, both types of models (although different in their assumptions) are able to explain one or the other feature of the experimental findings. Here, we will only concentrate on the dynamical model. A careful analysis of experimental efforts reveals either that one has studied the collision of symmetric nuclei (e.g., 79 Au 197 + 79 Au 197 ) [3] or that one has studied asymmetric colliding nuclei(e.g., 20 Ar [3] . Although the dynamics for symmetrically heavy nuclei is prominently exposed in experimental and theoretical studies, little attention is paid to the collision of asymmetric nuclei.
We, at the same time, know that the symmetry and the isospin play decisive roles in a reaction. We want to discover the fragmentation of asymmetrically colliding pairs in the following different ways. (i) In the first case, we will perform a systematic study of the emission of various fragments as a function of the asymmetry η of a reaction.
The asymmetry of a reaction can be defined by the asym-metry parameter η = (A T − A P )/(A T + A P ) [9, 10] ; A T and A P are, respectively, the masses of the target and the projectile. η = 0 corresponds to the symmetric reaction, whereas nonzero values of η define different asymmetries of the reaction. It is worth mentioning that the outcome and the physical mechanism behind the symmetric and asymmetric reactions are entirely different [3, 9, 10] .
Here, for systematic analysis, we start from the symmetrically colliding partners (η = 0), and then, asymmetry parameter η is varied gradually (η = -0.8 to 0.8) by keeping the total mass of the system fixed. Such an experiment was performed by Betts [11] in 1981, where fusion probabilities were measured for different colliding pairs, which lead to the same compound nucleus.
(ii) In the second case, the projectile mass is varied Since, we will neglect the Coulomb effect, we may say that it leads to the same compound nucleus.
In a recent communication [12] , Liu studied the isospin effects on the process of multi-fragmentation and dissipation by considering the two pairs of colliding sys- [12] focused on the isospin effects of the mean-field and twobody collisions on nucleon emissions at intermediate en-
ergies. This study showed that the neutron-proton ratio of preequilibrium nucleon emission and the neutron- The present analysis will be carried out within the frame work of the isospin-dependent quantum-molecular dynamics (IQMD) model [2, 13] . Our paper is organized as follows: We briefly discuss the model in Sec.II. Our results are given in Sec.III, and we summarize the results in Sec.IV.
II. THE MODEL
The IQMD [2] model treats different charge states of nucleons, deltas, and pions explicitly [14] , as shown in the Vlasov-Uehling-Uhlenbeck (VUU) model [15] . The IQMD model was successfully used in analyzing the large number of observables from low to relativistic energies [2, 4, 5, [13] [14] [15] . One of its versions (quantum-molecular dynamics) has been very successful in explaining the subthreshold particle production [16] , the multifragmentation [4, 8] , the collective flow [4, 17] , the disappearance of flow [17] , and the density temperature reached in a reaction [8] . We will not take relativistic effects into account, since there is no effect [18] in the energy domain in which we are interested. The isospin degree of freedom enters into the calculations via both cross sections and mean field [15] . The details about the elastic and inelastic cross sections for proton-proton and neutron-neutron collisions can be found in Refs. [2, 18] .
In this model, baryons are represented by Gaussianshaped density distributions
Nucleons are initialized in a sphere with radius R = The hadrons propagate by using Hamiltonian equations of motion:
with < H >=< T > + < V > as the Hamiltonian.
The baryon-baryon potential V ij , in the preceding relation, reads as
Where µ = 0.4f m, t 3 = −6.66M eV , and t 4 = 100M eV .
The values of t 1 and t 2 depends on the values of α, β, and γ [1] . Here, Z i and Z j denote the charges of the i th and j th baryons, and T The Skyrme energy density has been shown to be very successful at low incident energies, where fusion is the dominant channel [9, 10] . The Yukawa term is quite similar to the surface-energy coefficient used in the calculations of the nuclear potential for fusion [19] . The choice of the equations of state (EOS) (or compressibility) is still a controversial one. Many studies advocate softer matter, whereas, a greater number of studies indicate matter to be harder in nature [15, 17] .
We will use both hard (H) and soft (S) EOS that have compressibilities of 380 and 200 MeV, respectively. The symmetry energy is taken into account by introduc-
The binary nucleon-nucleon collisions are included by employing the collision term of the well-known VUUBoltzmann-Uehling-Uhlenbeck equation [15, 20] . The binary collisions are allowed stochastically, in a similar manner as performed in all transport models. During the propagation, two nucleons are supposed to suffer a binary collision if the distance between their centroids is,
where "type" denotes the in-going collision partners 
The delta decays are checked in an analogous fashion with respect to the phase space of the resulting nucleons.
III. RESULTS AND DISCUSSIONS
In the present calculations, a simple spatial clusterization algorithm dubbed as the minimum-spanning-tree method is used to clusterize the phase space [1] . We, however, also acknowledge that more microscopic algorithmic routines are also available in literature [2, 5] . By using the asymmetric (colliding) nuclei, the effect of mass asymmetry can be analyzed without varying the total mass of the system. As noted previously, the experimental studies by the Michigan State University, miniball and ALADIN [21] groups vary the asymmetry of the reaction, whereas the plastic ball and FOPI experiments [22] are only performed for symmetric reactions.
The effect of mass asymmetry on fragmentation is demonstrated in Fig.1 . Here, relative multiplicity R M is defined as = | To understand this aspect further, we display in the nucleons for nearly symmetric nuclei, the emission of fragments is suppressed. Clear systematics can be seen in the production of fragments with the asymmetry of the reaction.
In Fig.6 , the variation of the multiplicity of LMFs is displayed as a function of the center-of-mass energy for various asymmetric reactions using H and S EOS. Because of more compression, the nearly symmetric reaction drives matter into the participant zone and, as a result, more lighter fragments are emitted.
In Fig.7 , the variation of the multiplicity of IMFs is displayed as a function of the center-of-mass energy E c.m. . This happens because of the fact that the system suffers less compression; and, hence, less numbers of IMFs are produced. One notices several interesting points: The nearly symmetric collision leads to a wellknown trend (i.e., the maximum emission occurs around 100 MeV/nucleon). This trend, however is not shown by the large asymmetric reactions where we donot see any sharp rise or fall; and, furthermore, a flat plateau is obtained at much higher incident energies compared to nearly symmetric nuclei. Therefore, experiments are needed to verify this prediction.
IV. CONCLUSION
A systematically theoretical study is presented for the asymmetric colliding nuclei, which use a variety of reactions that employ different EOS as well as incident energies. We envision an interesting outcome for large asymmetric colliding nuclei, although nearly symmetric nuclei depict a well-known trend of rising and falling with peak around E= 100 MeV/nucleon. This trend, however, is completely missing for large asymmetric nuclei. In conclusion, experiments are needed to verify this prediction. 
